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APPARATUS AND METHODS FOR 
PHOTOACOUSTIC MEASUREMENT OF 
LIGHT ABSORPTION OF PARTICULATE 

AND GASEOUS SPECIES 


STATEMENT REGARDING FEDERALLY 
SUPPORTED RESEARCH 


This invention was made with Government support under 
National Aeronautics and Space Administration (NASA) 
Small Business Innovation Research (SBIR) contract Nos. 
NNX13CL42P and NNX14CL90C. The Government has 
certain rights in this invention. 


BACKGROUND 


Technical Field 

The present disclosure relates generally to measuring a 
species in a gas, and more specifically to methods and 
apparatus for measuring concentration of a gaseious or 
particulate species using photoacoustic measurement of 
light adoption. 

Background Information 

Particulate matter (PM) refers to microscopic solid or 
liquid matter suspended in a gas, for example, air. One 
category of PM is atmospheric PM, (e.g., black carbon soot, 
atmospheric aerosol, and other species) that are produced as 
a byproduct of combustion, industrial processes or certain 
natural processes. Atmospheric PM can significantly impact 
human health. For example, atmospheric PM may be harm- 
ful ifinhaled, leading to increase rates of lung cancer among 
other health problems. Likewise, atmospheric PM may 
absorb significant amounts of solar energy, promoting global 
climate change. For instance, black carbon soot is highly 
effective at absorbing solar energy, absorbing about a mil- 
lion times more energy per unit of mass than carbon dioxide 
(CO,). 

Another type of PM is commercial nanoparticles (e.g., 
ceramic silicon carbide nanoparticles, polymeric micelle 
nanoparticles, platinum-cobalt nanoparticles, and other spe- 
cies) that are synthesized for applications in manufacturing, 
biomedicine, optics, electronics and other fields. The prop- 
erties of many conventional materials change when formed 
from very small particles, in part due to an increase in the 
ratio of surface area to weight that renders them more 
reactive. Such increase in reactivity has caused a growing 
interest in the production of commercially desirable PM 
species. 

For both atmospheric and commercially produced PM 
there is often a need to measure the concentration of a PM 
species in a gas. One common measurement technique 
utilizes the photoacoustic (PA) effect. The PA effect is a 
process of acoustic wave generation from absorption of 
light. The basic theory behind the PA effect is that radiation 
energy from the light absorbed by a species of PM in a 
sample gas is released through non-radiative relaxation by 
generating heat in a localized region and creating an acoustic 
wave. Light absorption is normally proportional to the 
concentration of the species according to the Beer-Lambert 
law, which can be expressed as: 


A=0(0)Le, 


where A is a measure of absorbance, o(A) is a wavelength- 
dependent absorptivity coefficient, L is the path length, and 
c is the concentration of the absorbing species. If t(A) and L 
are known, then by measuring absorbance, concentration of 
the species of PM may be determined. 
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A number of PA effect measurement instruments have 
been developed to attempt to measure concentration of 
species of PM in a sample gas. However, existing instru- 
ments generally suffer a number of shortcomings. First, 
existing instruments often experience high levels of inter- 
ference from background absorption, background vibrations 
(i.e. background noise) and wall effects. Typically, such 
instruments employ a single sample cell in which the sample 
gas is subject to light, such that both the species of PM and 
gaseous species (e.g., nitrogen dioxide (NO,)) in the sample 
contribute to the resulting acoustic wave. Further, back- 
ground vibrations incident upon the sample cell from the 
surrounding environment are incorporated into the acoustic 
wave. Likewise, the effects of radiation energy on the walls 
of the sample cell further influence the acoustic wave. 

Second, exiting instruments typically have lower than 
desired sensitivity, require significant volumes of sample 
gas, and have longer-than desired response times. A number 
of factors contribute to these issues, including the use a 
single microphone with limited sensitivity to detect the 
acoustic wave, and the use of a light source that has 
significant beam divergence requiring larger sized sample 
cells. 

Third, existing instruments typically are sensitive to tem- 
perature, composition and humidity of the sample gas. 
Further, they often are sensitive to pressure change effects 
associated with flow of the sample gas. Such instruments 
often place their microphone in direct contact with the 
sample gas, resulting in interference and limiting response 
rate. 

Accordingly, there is a need for improved apparatus and 
methods for measuring concentration of a species (e.g., a 
species of PM or, alternatively, a gas-phase species) using 
measurement of light absorption that may address some or 
all of these shortcomings. 


SUMMARY 


An improved photoacoustic effect measurement instru- 
ment and methods of configuration and operation thereof are 
provided for measuring a species (e.g., a species of PM or, 
alternatively, a gas-phase species) in a gas. The instrument 
may employ a pair of differential acoustic cells (including a 
sample cell for measurement of a sample gas including the 
species, and a reference cell for measurement of a filtered 
version of the sample gas from which the species has been 
substantially removed) to determine a differential signal. 
Use of a differential signal allows interference from back- 
ground absorption, background vibrations and wall effects to 
be cancelled out. The instrument may also employ an array 
of multiple microphones with each acoustic cell, where the 
output signals of the microphones of the array are combined. 
Use of an array of multiple microphones allows for 
improved sensitivity. Still further, a thin film may be 
employed between the microphones and the interior of the 
acoustic cells to isolate the microphones from the sample 
gas therein. Isolating the microphones may reduce their 
sensitivity to temperature, composition and humidity of the 
sample gas, as well as pressure change effects associated 
with flow of the sample gas. 

In one specific example embodiment, a photoacoustic 
effect measurement instrument for measuring a species (e.g., 
a species of PM such as black carbon soot) in a gas has a pair 
of differential acoustic cells, including a sample cell con- 
figured to receive sample gas including the species, and a 
reference cell configured to receive a filtered version of the 
sample gas from which the species has been substantially 
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removed. Each of the acoustic cells includes an acoustic 
resonator and two acoustic attenuators. An excitation light 
source (e.g., a diode-pumped solid state (DPSS) laser) 
provides an amplitude modulated beam to each of the 
acoustic cells. The excitation light source is controlled by a 
waveform generated by a function generator. One or more 
microphones are mounted to each of the acoustic cells, and 
measure an acoustic wave generated in the respective acous- 
tic cell by absorption of light therein, to produce a respective 
signal. The one or more microphones may be an array of 
multiple microphones (e.g., MicroElectrical-Mechanical 
System (MEMS) microphones mounted on a printed circuit 
boards (PCB)) whose output signals are combined to form 
the signal for the acoustic cell. The microphones may be 
disposed over an opening in the acoustic resonator of each 
of the acoustic cells. A thin film (e.g., an aluminized poly- 
ester film) may be used to isolate the microphones from the 
sample gas internal to each acoustic cell. A bandpass pre- 
amplifier tuned to the acoustic resonance frequency of the 
acoustic resonators determines a differential signal from the 
signals produced for each of the acoustic cells. The differ- 
ential signal is provided to a lock-in amplifier along with the 
waveform from the function generator, which demodulates 
the waveform from the differential signal, to produce a 
demodulated differential signal. A controller calculates con- 
centration of the species based on the demodulated differ- 
ential signal, which may then be output (e.g., to a user 
interface or stored). 

It should be understood that a variety of additional 
features and alternative embodiments may be implemented 
other than those discussed in this Summary. This Summary 
is intended simply as a brief introduction to the reader for the 
further description which follows, and does not indicate or 
imply that the examples mentioned herein cover all aspects 
of the disclosure, or are necessary or essential aspects of the 
disclosure. 


BRIEF DESCRIPTION OF THE DRAWINGS 


The description below refers to the accompanying draw- 
ings of example embodiments, of which: 

FIG. 1 is a block diagram of an example PA effect 
measurement instrument that may be used to measure con- 
centration of a species in a gas; and 

FIG. 2 is a schematic block diagram of an example 
microphone array PCB; and 

FIG. 3 is a flow diagram of an example sequence of steps 
for configuration and operation of the example PA effect 
measurement instrument of FIG. 1. 


DETAILED DESCRIPTION OF EXAMPLE 
EMBODIMENTS 


Instrument Overview 

FIG. 1 is a high level schematic block diagram of an 
example PA effect measurement instrument 100 that may be 
used to measure concentration of a species in a gas. In one 
example embodiment discussed in more detail below, the 
species is a species of PM, specifically black carbon soot. 
However, it should be understood that the PA effect mea- 
surement instrument 100 may be readily adapted to measure 
the concentration of a variety of other species, including 
other atmospheric PM and commercially produced PM, and 
gas-phase species. 

The PA effect measurement instrument 100 includes an 
inlet 105 that receives a flow of sample gas including PM. 
The inlet 105 is coupled to differential acoustic cells, includ- 
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ing a sample cell 110 and a reference cell 115. The sample 
gas including PM is provided directly to the sample cell 110, 
while a first filter 120 substantially removes PM from the 
sample gas provided to the reference cell 130. As used 
herein, “substantial removal” refers to the removal of at least 
95% of a material. In one specific configuration, the first 
filter 120 removes 99.5% of PM. 

The sample gas is evacuated from the sample cell 110 and 
the reference cell 115 after measurement by a pump 125. The 
reference cell 115 is directly coupled to the pump 125, while 
an intervening filter 130 is employed between the sample 
cell 110 and the pump 125. 

To perform a measurement of a species of PM, an 
excitation light source 135 provides an amplitude modulated 
beam at the resonance frequency of the differential acoustic 
cells 110, 115. The modulation may be performed by a 
function generator 140 that produces a waveform (e.g., a 
square wave or sine-wave) 150 that controls a power supply 
155 of the light source 135. The waveform may also be 
supplied to a lock-in amplifier 175. 

Each acoustic cell 110, 115 includes an acoustic resonator 
and two acoustic attenuators. An array of multiple micro- 
phones 145, 150 is mounted over an opening in the center of 
the acoustic resonator of each acoustic cell 110, 115, such 
that each of the microphones are located near the peak of the 
acoustic mode. The microphones of each array 145, 150 may 
be isolated from gas internal to the acoustic resonator by a 
thin film (e.g., an aluminized polyester film) disposed over 
the opening. 

The amplitude modulate beam from the light source 135 
is directed into the sample cell 110 and an acoustic wave is 
generated from the absorption of light by the PM species and 
any other species (e.g., various gaseous species) that may be 
therein. The acoustic wave is measured by the microphones 
of the first microphone array 145, and their low-power 
output signals combined (e.g., additively) to form a first 
signal (referred to as “signal A”). The modulated beam is 
then directed by mirrors 160, 165 into the reference cell 115 
and an acoustic wave is generated from the absorption of 
light by the other gaseous species that may be therein. The 
acoustic wave is measured by the microphones of the second 
microphone array 150, and their low-power output signals 
combined (e.g., additively) to form a second signal (referred 
to as “signal B”). A beam trap 166 is employed to sink the 
beam after it passes through the acoustic cells 110, 115. 

Signal A produced by the first microphone array 145 and 
signal B produced by the second microphone array 150 are 
provided to a bandpass preamplifier 170 tuned to the acous- 
tic resonance frequency of the acoustic resonators of the 
acoustic cells, which determines a differential signal there- 
from (i.e. signal A -signal B). Assuming the filter 120 has 
removed substantially all the PM from the sample gas 
entering the reference cell 115, the differential signal is 
substantially purely due to absorption by PM. 

The differential signal is provided to the lock-in amplifier 
175 that also receives the waveform 150, which serves as a 
known carrier waveform. The lock-in amplifier 175 
demodulates the carrier waveform from the differential 
signal. The demodulated differential signal is then provided 
to a controller 180 (e.g., a computer), which calculates 
concentration of the species of the PM based on the Beer- 
Lambert law and outputs (e.g., shows in a user interface on 
a display screen or stores in an electronic storage device) a 
concentration measurement of the species of PM. 

Excitation Light Source 

In one example embodiment, the light source 135 is a 
DPSS laser that offers very small beam divergence (e.g., 
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beam diameter at aperture of <=2.4 mm and preferably 
<=1.2 mm). The very small beam divergence may permit the 
use of acoustic cells (e.g., sample cell 110 and reference cell 
115) that have a small cross section, and thereby low sample 
volume. It has been found that the signal produced from an 
acoustic cell is linearly proportional to the intensity of the 
light source and the concentration of the species of PM, but 
inversely proportional to the cross section of the acoustic 
cell. For example, the PA effect inside an acoustic cell can 
be calculated as: 


APxV=nRAT=I,col 


where AP is the pressure change, V is volume of the sample 
gas, nis number of moles of the sample gas, R is ideal gas 
constant, AT is the temperature change due to light absorp- 
tion, I, is laser intensity, c is the concentration of the species 
of PM, o is absorption cross section, and | is length of the 
acoustic cell. Considering a cylindrical acoustic cell, the 
acoustic pressure change due to the heating effect from PM 
light absorption is given as: 


Ipcol = Inca 
AP= =— 
Vv mr 


As can be seen, if the cross section is reduced, as may be 
permitted by using a DPSS laser with small beam diver- 
gence, increased detection sensitivity can be achieved. 

Further, in one example embodiment, the function gen- 
erator 130 uses a quartz crystal oscillator and generates the 
waveform 150 as a square-wave or sine-wave transistor- 
transistor-logic (TTL) output. The function generator 130 
may replace the mechanical chopper found in some tradi- 
tional PA effect measurement instruments. 

Differential Acoustic Cells 

In one example embodiment, the differential acoustic 
cells (i.e. the sample cell 110 and the reference cell 115) are 
two identical units, having the same dimensions and mate- 
rial compositions. The units each contain acoustic resonators 
whose frequency response is the same as the modulation 
frequency of the light source 135, and a pair of acoustic 
attenuators. In one specific configuration, each acoustic 
resonator is a 10 cm long cylinder with an outside diameter 
(OD) of 9.5 mm and an inside diameter (ID) of 3 mm, made 
of 304 stainless steel, and each acoustic attenuator is a 
cylindrical /4-wave (5 cm) acoustic attenuator with an OD 
of 76 mm and an inner diameter of 51 mm, made from 6061 
aluminum alloy. 

Use of differential acoustic cells permits interference from 
background absorption, background vibrations and wall 
effects to be cancelled out. For example, any other gaseous 
species (e.g., NO.) that may be in the sample gas supplied 
to the sample cell 110 will pass through filter 120 and also 
be supplied to the reference cell 120, and thereby contribute 
to the acoustic wave in both acoustic cells 110, 115. When 
the difference is determined by the bandpass preamplifier 
170 between the first microphone array 145 coupled to the 
sample cell 110, and the second microphone array 150 
coupled to the reference cell 150, the contribution by back- 
ground absorption will cancel. Likewise, provided the 
acoustic cells 110, 115 are located close to each other, any 
background vibrations from the surrounding environment 
will contribute to the acoustic wave in both acoustic cells 
110, 115 substantially equally. Accordingly, when the dif- 
ference is determined by the bandpass preamplifier 170, the 
contribution by background vibration will cancel. Similarly, 
provided the acoustic cells 110, 115 are identical, any 
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contribution to the acoustic wave from wall effects will 
cancel when the difference is determined by the bandpass 
preamplifier 170. 

Further, in one example embodiment, the array of micro- 
phones 145, 150 used to detect the acoustic wave in each 
acoustic cell 110, 115 is an array of silicon membrane-based 
MEMS microphones mounted on a PCB, together with a 
low-noise preamplifier and a band pass filter. FIG. 2 is a 
schematic block diagram of an example microphone array 
PCB 200. In this example, the microphone array PCB 
includes 4 MEMS microphones 210-240, however it should 
be understood that a different number of microphones may 
be mounted on the PCB. The size of the MEMS micro- 
phones may be comparable to the ID of the acoustic reso- 
nator. In one specific configuration, each MEMS micro- 
phone may be approximately 3.8 mm in length and 2.7 mm 
in width. The MEMS microphones 210-240 may be powered 
via a voltage regulator 250 that provides a direct current 
(DC) output at a fixed voltage. Output from the MEMs 
microphones 210-240 may be supplied to a low-noise pre- 
amplifier 260 also mounted on the PCB 200, which com- 
bines the low-power signals from the microphones, and 
amplifies the combined signal several orders of magnitude. 
The amplified signal may then be supplied to a bandpass 
filter, which filters (e.g., in one specific configuration, with 
40 decibel (db) noise reduction) frequencies other than the 
acoustic resonance frequency of the acoustic resonators. 

Use of the array of microphones allows for improved 
sensitivity in comparison to signal microphone configura- 
tions. By combining the low-power signals from each of the 
microphones, the meaningful acoustic signal component 
outpaces acoustic noise. For example, the total signal may 
be represented as Nxs, where N is the number of micro- 
phones and s is the acoustic signal from a signal micro- 
phone. Likewise, the total acoustic noise is proportional to 
the square-root of N. As a result, the signal-to-noise ratio of 
the combined signal may be improved by at least a factor of 
two for an example array of 4 microphones. Greater signal- 
to-noise ratio improvements may be achieved by further 
increasing the number of microphones. 

Further, mounting the microphones on the same PCB 
offers additional advantages. Given the small size of the 
microphones, they would be difficult to directly mount on an 
acoustic cell. The PCB provides a convenient means for 
fixing the microphones at the center of the acoustic resonator 
of each acoustic cell. Further, mounting all the microphones 
together with the low-noise amplifier on the PCB reduces 
electronic noise that would occur from separation of these 
components. 

Additionally, in one example embodiment, the micro- 
phones of each array 145, 150 are isolated from gas internal 
to the acoustic cell by a thin film that covers the opening in 
the acoustic resonator of the acoustic cell over which the 
microphones are mounted. In one specific configuration, the 
thin film is a 0.0005 mm thick aluminized polyester film 
interposed between the microphones and the sample gas. By 
isolating the microphones from the sample gas, impact on 
the detected acoustic waves from variations in temperature, 
composition and humidity of the sample gas is reduced. 
Further, the thin film prevents PM species in the sample gas 
in the sample cell 110 from accumulating inside of micro- 
phones, which could significantly deteriorate their perfor- 
mance over time. Further, isolating the microphones from 
the sample gas decreases interference in the acoustic mea- 
surement caused by pressure change effects associated with 
gas flow. In traditional configurations where a microphone is 
directly exposed to the sample gas, rapid gas flow inside the 
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acoustic cell may cause strong interference in the acoustic 
measurement, effectively limiting the flow rate that may be 
employed, and therefore the response time of the instrument. 
Isolating the microphones from the sample gas with a thin 
film dramatically decrease their response to flow rate, per- 
mitting an increased flow rate to be used (e.g., 1 liter per 
minute), and thereby a more rapid response time to be 
achieved. 

Phase Sensitive Data Processing 

In one example embodiment, the bandpass preamplifier 
170 that receives the signals from the first microphone array 
145 and the second microphone array 150 is part of voltage 
measurement-enabled data acquisition device. The data 
acquisition device may receive the signals from the first 
microphone array 145 and the second microphone array 150 
as analog voltage signals, and directly convert them into a 
differential digital signal. In one specific configuration, the 
data acquisition device has a dynamic range of +10 volt (V) 
and 24-bit resolution, allowing for the recording of signals 
as low as 5 nV. 

In one example embodiment, the lock-in amplifier 175 
that receives the differential signal is configured to imple- 
ment phase sensitive detection. In this phase sensitive detec- 
tion, the waveform 150 is demodulated from the differential 
signal. In one specific configuration, the lock-in amplifier 
175 is a lock-in amplifier module having a working fre- 
quency of 10 Hz to 45 KHz, where the working frequency 
is determined by an external signal input. 

Methods of Configuration and Operation 

FIG. 3 is a flow diagram of an example sequence of steps 
300 for configuration and operation of the example PA effect 
measurement instrument of FIG. 1. At step 310, the light 
source 135 (e.g., DPSS laser) and mirrors 160, 165 are 
aligned so that the beam passes through the acoustic reso- 
nators of the differential acoustic cells (i.e. the sample cell 
110 and the reference cell 115). At step 320, the PA effect 
measurement instrument 100 is operated for a “warm up” 
period (e.g., 1 hour) to permit the light source 135 and arrays 
of microphones 145, 150 to achieve operational stability. At 
step 330, the instrument 100 is “zeroed”. The zero point may 
be defined by the differential signal produced when sample 
gas with no PM is provided to the inlet 105, and a beam is 
passed into the acoustic cells 110, 115. At step 340, linearity 
of signal response is calibrated with specific concentrations 
of absorption standard in the sample gas supplied to the inlet 
105. At step 350, the instrument performs a measurement for 
a species of PM. 

As part of step 350, a number of sub-steps are performed. 
Delving into these in more detail, at sub-step 351, a mea- 
surement is performed of the acoustic wave generated in the 
acoustic cells 110, 115, to produce a first signal for the 
sample cell and a second signal for the reference cell. At 
sub-step 352, the first signal and the second signal are 
bandpass filtered to a resonance frequency of the acoustic 
resonators of the differential acoustic cells, and at sub-step 
353, a differential signal is calculated from the first signal 
and the second signal. At sub-step 354, the differential signal 
is demodulated to remove the carrier waveform. 

At step 360, resulting data (i.e. the demodulated differ- 
ential signal) is processed by the controller to calculate 
concentration of the species of the PM based on the Beer- 
Lambert law. At step 370, results are output by being shown 
in a user interface on a display screen or stored in an 
electronic storage device. At step 380, which may be 
executed periodically in place of measurement step 350 
(e.g., once every 30 minutes), the zero point of the instru- 
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ment 100 is rechecked and the instrument is “re-zeroed” to 
account for any background changes. 

Concluding Remarks 

In summary, the above description details improved appa- 
ratus and methods for measuring concentration of a species 
(e.g., a species of PM) using the PA effect. It should be 
understood that various adaptations and modifications may 
be made to what is described above, to suit various require- 
ments of the measurement task. For example. while it is 
discussed above that the acoustic wave may be measured by 
an array of multiple microphones, it should be understood 
that other types of detectors capable of measuring a pressure 
pulse may alternatively be used. 

Further, different aspects of the apparatus, or various 
method steps, may be used in isolation or in various sub- 
combinations with other apparatus or steps. For example, an 
array of multiple microphones (or detectors) may be used in 
an instrument that includes only a single acoustic cell. 
Likewise, a thin film (e.g., an aluminized polyester film) 
may be used in an instrument that includes only a single 
microphone (or detector). Further, many specific additions 
may be made to the techniques. For example, while it is 
described above that a single array of microphones (e.g., 
mounted to a PCB) may be used on each acoustic cell, it 
should be understood that, in alternative embodiments, 
multiple arrays of microphones (or detectors) (e.g., each 
mounted to a different PCB) may be used. The arrays may 
be arranged radially about the major axis of the acoustic 
resonator (e.g., cylindrical acoustic resonator) of each 
acoustic cell, such that all the devices may be fit in an area 
near the peak of the acoustic mode. A wide variety of other 
alternatives are also possible. In general, it should be under- 
stood that the above descriptions are meant to be taken only 
by way of example. 

What is claimed is: 

1. A photoacoustic effect measurement instrument for 
measuring a species in a gas, comprising: 

a pair of differential acoustic cells including 

a sample cell configured to receive sample gas includ- 
ing the species, and 

a reference cell configured to receive a filtered version 
of the sample gas from which the species has been 
substantially removed; 

an excitation light source configured to provide an ampli- 
tude modulated beam to each of the differential acous- 
tic cells; 

one or more microphones mounted to each of the differ- 
ential acoustic cells, and configured to measure an 
acoustic wave generated in the respective acoustic cell 
by absorption of light by sample gas therein and to 
produce a respective signal, the one or more micro- 
phones isolated from sample gas internal to the acoustic 
cells; 

a preamplifier configured to determine a differential signal 
from the signals produced for each of the differential 
acoustic cells; and 

a controller configured to calculate concentration of the 
species based on the differential signal. 

2. The photoacoustic effect measurement instrument of 
claim 1, wherein the species is a species of particulate matter 
(PM). 

3. The photoacoustic effect measurement instrument of 
claim 1, further comprising: 

a function generator configured to generate a waveform 

that controls the excitation light source; and 

a lock-in amplifier configured to receive the differential 
signal from the preamplifier and the waveform from the 
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function generator, and to demodulate the waveform 
from the differential signal to produce a demodulated 
differential signal, 

wherein the controller is coupled to the lock-in amplifier 

and configured to calculate the concentration of the 
species based on the demodulated differential signal. 

4. The photoacoustic effect measurement instrument of 
claim 1, wherein each of the differential acoustic cells 
includes an acoustic resonator and a pair of acoustic attenu- 
ators, and 

the preamplifier is a bandpass preamplifier that is tuned to 

an acoustic resonance frequency of the acoustic reso- 
nators of the differential acoustic cells. 

5. The photoacoustic effect measurement instrument of 
claim 1, wherein the excitation light source is a diode- 
pumped solid state (DPSS) laser. 

6. The photoacoustic effect measurement instrument of 
claim 1, wherein the one or more microphones mounted to 
each of the differential acoustic cell are an array of multiple 
microphones whose output signals are combined to form the 
signal for the differential acoustic cell. 

7. The photoacoustic effect measurement instrument of 
claim 6, wherein the array of multiple microphones is an 
array of multiple membrane-based MicroElectrical-Me- 
chanical System (MEMS) microphones mounted on a 
printed circuit boards (PCB). 

8. The photoacoustic effect measurement instrument of 
claim 1, wherein the one or more microphones are mounted 
over an opening in each of the differential acoustic cells and 
are isolated from sample gas internal to the acoustic cell by 
a film disposed over the opening. 

9. The photoacoustic effect measurement instrument of 
claim 1, wherein the film is an aluminized polyester film. 

10. The photoacoustic effect measurement instrument of 
claim 1, wherein the species is black carbon soot. 

11. A photoacoustic effect measurement instrument for 
measuring, a species in a gas, comprising 

an acoustic cell configured to receive sample gas includ- 

ing the species; 

an excitation light source configured to provide an ampli- 

tude modulated beam to the acoustic cell; 

an array of multiple microphones mounted to the acoustic 

cell, each microphone configured to measure an acous- 
tic wave generated in the acoustic cell by absorption of 
light by sample gas therein, wherein output signals 
from the multiple microphones of the array are com- 
bined to produce a combined signal; and 

a controller configured to calculate concentration of the 

species based on the combined signal. 

12. The photoacoustic effect measurement instrument of 
claim 11, wherein the species is a species of particulate 
matter (PM). 

13. The photoacoustic effect measurement instrument of 
claim 11, wherein the array of multiple microphones is an 
array of multiple membrane-based MicroElectrical-Me- 
chanical System (MEMS) microphones mounted on a 
printed circuit boards (PCB). 

14. The photoacoustic effect measurement instrument of 
claim 11, wherein the array of multiple microphones are 
mounted over an opening in the acoustic cell and are isolated 
from sample gas internal to the acoustic cell by a film 
disposed over the opening. 

15. The photoacoustic effect measurement instrument of 
claim 11, further comprising: 

a function generator configured to generate a waveform 

that controls the excitation light source; and 
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a lock-in amplifier configured to receive the combined 
signal and to demodulate the waveform from the com- 
bined signal to produce a demodulated signal, and 

wherein the controller is coupled to the lock-in amplifier 

5 and configured to calculate the concentration of the 
species based on the demodulated signal. 

16. The photoacoustic effect measurement instrument of 
claim 11, wherein the excitation light source is a diode- 
pumped solid state (DPSS) laser. 

17. A photoacoustic effect measurement instrument for 
measuring a species in a gas, comprising 

an acoustic cell configured to receive sample gas includ- 

ing the species, the acoustic cell including an acoustic 

resonator having an opening; 

a film mounted over the opening; 

an excitation light source configured to provide an ampli- 

tude modulated beam to the acoustic cell; 

one or more detectors mounted over the film and config- 

ured to measure an acoustic wave generated in the 

acoustic cell by absorption of light by sample gas 
therein and to produce a signal; 

a controller configured to calculate concentration of the 

species based on the signal, 

wherein the film isolates the one or more detectors from 

the sample gas internal to the acoustic cell. 

18. The photoacoustic effect measurement instrument of 
claim 17, wherein the species is a species of particulate 
matter (PM). 

19. The photoacoustic effect measurement instrument of 
claim 17, wherein the one more detectors are one or more 
microphones. 

20. The photoacoustic effect measurement instrument of 
claim 19, wherein the one or more microphones are an array 
of multiple microphones whose output signals are combined 
to form the signal for the acoustic cell. 

21. The photoacoustic effect measurement instrument of 
claim 20, wherein the array of multiple microphones is an 
array of multiple membrane-based MicroElectrical-Me- 
chanical System (MEMS) microphones mounted on a 
printed circuit boards (PCB). 

22. The photoacoustic effect measurement instrument of 
claim 17, further comprising: 

a function generator configured to generate a waveform 

that controls the excitation light source; and 

a lock-in amplifier configured to receive the combined 

signal and to demodulate the waveform from the com- 

bined signal to produce a demodulated signal, 

wherein the controller is coupled to the lock-in amplifier 
and configured to calculate the concentration of the 
species based on the demodulated signal. 

23. The photoacoustic effect measurement instrument of 
claim 17, wherein the excitation light source is a diode- 
pumped solid state (DPSS) laser. 

24. A method for photoacoustic measurement of a species 
in a gas, comprising: 

measuring an acoustic wave generated in a pair of differ- 

ential acoustic cells exposed to a beam from an exci- 

tation light source, the pair of differential acoustic cells 
including 

a sample cell containing sample gas including the 

species, and 

reference cell containing a filtered version of the 
sample gas from which the species has been sub- 
stantially removed, 


10 


15 


30 


35 


40 


45 


60 


65 a 


US 9,696,283 B1 


11 


the measuring performed by one or more detectors isolated 
from sample gas internal to the acoustic cells that produce a 
first signal for the sample cell and a second signal for the 
reference cell; 

determining a differential signal from the first signal and 

the second signal; 

calculating a concentration of the species based on dif- 

ferential signal; and 

outputting the concentration of the species. 

25. The method of claim 24, where the species is a species 
of particulate matter (PM). 

26. The method of claim 24, wherein the beam from the 
excitation light source is amplitude modulated based on a 
waveform, and the method further comprises: 

demodulating the waveform from the differential signal to 

produce a demodulated differential signal, and 
wherein the calculating calculates the concentration of the 
species based on the demodulated differential signal. 

27. The method of claim 24, wherein each of the differ- 
ential acoustic cells includes an acoustic resonator and a pair 
of acoustic attenuators, and the method further comprises: 


5: 


10 


15 


12 


bandpass filtering the first signal and the second signal to 
a resonance frequency of the acoustic resonators of the 
differential acoustic cells. 

28. The method of claim 24, wherein the one or more 
detectors is an array of multiple microphones mounted to 
each of the differential acoustic cells, and the method further 
comprises: 

combining output signals from the microphones of each 

array of multiple microphones to produce the first 
signal and the second signal, respectively. 

29. The method of claim 28, wherein each array of 
multiple microphones is an array of multiple membrane- 
based MicroElectrical-Mechanical System (MEMS) micro- 
phones mounted on a printed circuit boards (PCB). 

30. The method of claim 24, wherein the one or more 
detectors are mounted over an opening in each of the 
differential acoustic cells, and the one or more detectors are 
isolated from sample gas internal to the acoustic cell by a 
film disposed over the opening. 


* * * * * 


